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In most semiconductors, there is strong coupling between longitudinal optical ͑LO͒ phonons and mobile electrons 1 and plasmons. 2 These interactions generally greatly affect the charge mobility in these materials. With its high sensitivity to charge mobility, terahertz time-domain spectroscopy ͑THz-TDS͒ has proven a valuable technique for studying electronphonon coupling in different materials, including titanium dioxide, 3 sapphire, 4 and organic semiconductors. [5] [6] [7] In these reports, information on the nature of charge transport and electron-phonon interactions has generally been inferred indirectly from temperature-dependent measurements at relatively low THz frequencies ͑Ͻ3 THz͒, where the response is dominated by the dynamics and mobility of the photocharge carriers.
With the development of ultrafast lasers and advanced detection schemes, broadband THz-TDS ͑BBTHz-TDS͒with a THz frequency range typically from 10 to 30 THzhas recently become accessible [8] [9] [10] [11] and has been proven extremely fruitful in elucidating charge carrier dynamics in, for instance, semiconductors, 2 carbon nanotubes, 12 and semimetals. 13 In addition to the improved time resolution enabling an increased bandwidth of the THz radiation, the broadband scheme in principle allows for the simultaneous detection of charge and phonon response, as phonon modes typically lie within this frequency range.
Indeed, BBTHz-TDS has recently been applied to study the dynamics of LO phonon-plasmon coupled excitations in indium phosphide, 2 where the authors found that the coupled phonon-plasmon resonances were not established instantaneously on photoexcitation. Instead, both the phonon and plasmon frequencies shifted with time after excitation, eventually forming a mixed mode within one oscillation cycle of the phonon, typically on subpicosecond time scales, in this inorganic semiconductor.
Here, we apply broadband THz spectroscopy to study carrier-phonon interactions in organic semiconductors ͑i.e., conjugated molecular crystals 14 ͒. For these materials, vibrational ͑phonon͒ modes may be separated into those that are delocalized over more than one molecular unit ͑termed intermolecular vibrations͒ and localized intramolecular vibrations. Several studies, both theoretical [15] [16] [17] [18] and experimental, [19] [20] [21] [22] have suggested that the coupling of electrons to both intermolecular and intramolecular vibrations should play an important role in the charge transport properties, especially for the acenes. 14 For pentacene, an electronphonon spectrum in the 1 -8 THz range ͑corresponding to intermolecular vibrations͒, determined using a quantum tunneling experiment, suggested that these modes did indeed couple to free charges, 19 although the coupling was erroneously associated with superconductivity. In any case, no direct time-resolved spectroscopic evidence of coupling between ͑photoinduced͒ mobile charges and intramolecular vibrations ͑which lie in the 10-30 THz frequency range͒ exists for this class of materials.
We present optical pump-broadband THz probe spectroscopy on single crystal rubrene, allowing simultaneous access to the electronic and intramolecular vibrational responses in the desired 10-30 THz frequency range. As the electric field of the transmitted THz probe pulse is detected directly in the time domain, both amplitude and phase information are obtained, providing access to the photoinduced complex dielectric response of the sample. Owing to the ultrashort detection pulses, the dynamics of the frequency-resolved spectral changes can be followed on femtosecond time scales.
We use 30 fs, 400 nm ͑3.0 eV͒ pump pulses to induce an electronic transition in rubrene ͑S 0 -S 1 gap 1.92-2.2 eV͒, 23 resulting in intramolecular excitations and generating mobile charges, as has been shown previously for acenes. [5] [6] [7] The crystals were vapor grown using several vacuum sublimation steps, and as a result, achieving trap densities in the order of 10 15 cm −3 . 24 Recent work has demonstrated the propensity of rubrene to oxidize 25 and the effect of oxidation on the band structure 26 and photoconductivity. 27 Although most of the experiments shown here were performed in air, we found no indications for effects due to oxidation in our experiment. No change in the sample response was observable in the course of time and, more importantly, measurements on fresh samples under vacuum revealed identical dynamics at 1 -3 THz frequencies as those reported here.
The thickness of the rubrene crystals was several micrometers, well exceeding the optical penetration depth at 400 nm ͑ϳ1 m͒, ensuring all excitation photons ͑ϳ2 ϫ 10 21 /m 2 per pulse͒ were absorbed. We use the THz probe pulses shown in Fig. 1͑a͒ ͑full width at half maximum Ͻ200 fs͒ to probe the dielectric response in the frequency range of 10-30 THz ͑330-1000 cm −1 ͒ as a function of delay time between pump and probe pulses. The THz transients were recorded at constant delay time between the pump pulse and the THz sampling pulse. The probe transmission was measured through the a-b plane of the crystal 28 Further experimental details have been described previously. 10 In the frequency range of the THz probe, rubrene shows several IR active vibrational modes. Figure 1͑b͒ depicts the ground-state IR absorption of an ϳ5-m-thick rubrene crystal. The frequency resolution of the THz-TDS experiment is illustrated in the same figure showing an absorption spectrum obtained by using A THz = −log͓E s ͑͒ / E r ͔͑͒, in which E s ͑͒ and E r ͑͒ are the Fourier transforms ͑amplitude͒ of the time-domain THz electric fields transmitted through the sample and through air, respectively. The observed vibrational transitions are due to intramolecular vibrations, while intermolecular vibrations are limited to lower frequencies ͑Ͻ6 THz͒. 19, 22, 29 To determine the dynamics of the photoinduced THz absorption, the change in transmitted THz intensity ͑induced absorption͒ ⌬I͑͒ is measured with a time-integrating HgCdTe detector as a function of delay time after the 400 nm excitation pulse. The ⌬I͑͒ trace for rubrene ͓Fig. 2͑a͔͒ shows fast ͑described by an exponential time constant of ϳ0.2 ps͒ and slow ͑ϳ6 ps͒ components. We observe a similar bimodal behavior when probing in the low-frequency range ͑ϳ1 THz͒, in agreement with previous reports [5] [6] [7] indicating that these dynamics are dominated by charge carrier response. The single-crystal nature of our sample is reflected in the anisotropy of the ⌬I signal: ⌬I is a factor of 5 larger if the b axis of the crystal ͑the directions with strongest -electron overlap between neighboring molecules͒ is parallel to the THz probe beam polarization, rather than the a axis. This is in agreement with both theoretically predicted 30 and measured field effect mobility 28, 31 anisotropy of acene single crystals.
A time-dependent frequency spectrum of the transmitted THz field ⌬E͑ , ͒ is obtained from a Fourier transform of the difference between the time domain THz pulses before and after photoexcitation for varying pump-probe delays ͓Fig. 2͑b͔͒. As shown in Figs. 2͑c͒ and 2͑d͒, the data consist of distinct resonances in the first 700 fs, superimposed on a broad absorption, which extends over the full frequency range. The bimodal time evolution of the photoinduced signal at the nonresonant frequency of 16.3 THz simply follows the frequency integrated dynamics ͓i.e., ⌬I͔͑͒, and is iden- Note the saturation of some of the peaks in the IR spectrum-the actual absorbance may be higher for some of the peaks. The molecular structure ͑Ref. 28͒ of rubrene is shown as an inset in ͑b͒. tical to the response observed at low frequencies, which has been shown to be related to carrier mobility [5] [6] [7] and may be characterized by a Drude-type response. In contrast, the resonant signal at 15.5 THz decays much faster ͓Fig. 2͑b͔͒. This difference suggests that the nature of the excitation associated with the fast and slow components is different. Both are presumably associated with charge redistribution. [5] [6] [7] The fast response is induced directly by photoexcitation of rubrene chromophores. Such vibronic excitation is connected with a change of the intramolecular electron distribution, affecting the vibrational potentials and frequencies. We attribute the fast spectral shifts to this effect, decaying with the depopulation of the initially excited state. Here, both intramolecular relaxation ͑internal conversion͒ and charge ejection into the environment may contribute. As is obvious from the data, after 2 ps there still exist mobile charges, but there is no significant effect on the vibrational frequency anymore.
However, interference of the narrow ground-state resonances with the carrier-induced broadband ͑Drude-type͒ response will necessarily cause signals in the transient spectrum at the frequencies corresponding to the ground-state resonances. 32 Indeed, the transient THz spectra ͓Fig. 2͑c͔͒ exhibit features corresponding to the ground-state absorption spectrum ͓Fig. 1͑b͔͒. Information about interactions between the electrons ͑or excited states͒ and phonons therefore has to be retrieved from the data by a model that takes into account this effect. Our analytical model of THz propagation in a photoexcited sample relates the normalized pump-induced change in transmission ⌬E͑ , ͒ to the time-dependent sample properties, neglecting dipole-dipole interactions, but including the Fresnel reflections off the front sample surface, 33
where p is the frequency variable corresponding to the pump delay time . The factor C contains the ground-state properties of rubrene and describes the propagation of the THz pulse and reflection from the different interfaces. The two terms A account for the excitation process: A Drude contains a broad, featureless ͑Drude͒ excited-state response characterized by ͑͒ =1/͓−i͑2␥ − i͔͒, with a scattering rate ␥. A exc is a term that describes a transient shift of the phonon response, presumably caused by electron-phonon interactions. This transient shift is characterized by a magnitude of the shift of the resonance, and an exponential time that defines its return to the original frequency. This treatment, analogous to that presented in Ref. 34 , will be detailed in a separate publication. 33 In brief, the treatment takes into account the spatial variations of the pump intensity along the direction of excitation ͑determined by the optical absorption coefficient͒, ground-state sample dispersion with multiple resonant features, dispersion between the group velocity of the pump, and the THz phase velocity. The detector response function is also accounted for. 33 The parameters describing the ground-state absorption are taken from a fit to the Fourier transform infrared ͑FTIR͒ spectrum shown in Fig. 1͑b͒ , while the Drude scattering rate ͑which hardly influences the results͒ is taken as 105ϫ 10 12 rad s −1 following Ref. 31 . Optimum agreement with the measured data was obtained when the widths of the ground-state absorption resonances are slightly increased with respect to the fit parameters determined from the FTIR spectrum. Additional input parameters that can be determined independently are the sample thickness, the pump penetration depth, the free electron lifetime for the Drude term A Drude , and the exponential recovery time for the excitation-induced phonon frequency shift amounting to ϳ6 and 200 fs, respectively. The two lifetimes can be determined from the data in Fig.  2͑a͒ .
Two key features of the data can only be reproduced by the model when electron-phonon interactions are taken into account, incorporated in the term A exc , which represents the carrier-induced phonon shift: First, the dynamics of the vibrational features ͑measured at the peaks in the spectrum͒ and nonresonant response are very different: At delay times Ͼ 700 fs, when the frequency-integrated signal has decreased to ϳ50% ͑see Fig. 2͒ , the resonant features have decreased much more than the broad, nonresonant response. Second, the ⌬E͑ , ͒ / E͑͒ data reveal shifts in frequency: the response is not aligned vertically in Fig. 2͑c͒ -this is more apparent in the close-up depicted in Fig. 3͑a͒ and the derived peak position depicted in Fig. 3͑c͒ . These figures show the response of the 15.5 THz mode, which we have analyzed in more detail. The data in Fig. 3͑a͒ can be reproduced ͓Fig. 3͑b͔͒ only if an induced shift of the THz resonance frequency is incorporated into the model. For the 15.5 THz mode, a dynamic blueshift of 0.8± 0.4 THz is required to reproduce the data. The sign of the shift is apparent from the obliqueness of the resonance line: both the positive and negative extrema of the measured resonance at 15.5 THz ͓see Fig. 3͑b͔͒ shift to higher frequencies as a function of pump delay time. This is emphasized in Fig. 3͑c͒ , which depicts the peak of the resonance obtained from Lorentzian fits to both the experimental and modeled data. Note that the actually observed shift ͑ϳ0.2 THz͒ is smaller than the 0.8 THz shift obtained from the model. This can be understood by noting that the response observed in the timefrequency representation ͓Fig. 2͑c͒, recorded here according to scheme I in Ref. 34͔ is not only determined by the magnitude of the shift, but also by the dynamics of that shift. The 200 fs lifetime of the shift is very short and thus affects the observed spectral dynamics significantly. In the limit of infinite lifetime, the true phonon shift would be recovered.
If the shift of the phonon mode is not incorporated in the model, both the dynamics and spectral response ͑the relatively fast resonant response and the dispersion clearly observed in the experimental data͒ cannot be adequately reproduced. For the other experimental modes, the shift is smaller and/or a larger error is associated with the magnitude of the shift due to larger ground-state absorption. The same calculation also nicely reproduces the spectrally integrated response of Fig. 2͑a͒ ͑black line in upper panel͒. The magnitude of the excitation-induced shift of the phonon resonance provides a direct measure of the electron-phonon interaction strength. As such, the technique presented here in conjunction with the theoretical analysis allows one to quantify electron-phonon interactions. It should be noted that we cannot say with certainty whether the observed vibrational re-sponse originates from interactions with bound electron-hole states ͑exciton͒, free electrons, or free holes.
Indications for a large dynamic coupling between the 15.5 THz mode and charge carriers have been obtained previously from a differential IR absorption measurement, which, in addition to a spectrally broad Drude-type carrier response for the free electrons, reveals changes in the ϳ15 THz region. 31, 32 The approach presented here allows for a quantification of the electron-phonon coupling strength through the magnitude of the induced dynamic shift.
To summarize, we have reported the photoinduced femtosecond time-resolved dielectric response of a rubrene crystal in the frequency range of 10-30 THz. On top of a broad response from the photoinduced mobile charges, spectral features are observed at ground-state resonances. The dynamic behavior of these charge-induced features contains information on electron-phonon interactions. This demonstrates that broadband time-domain THz spectroscopy is a promising technique to study the photoinduced electronic and vibronic responses, as well as their cross terms ͑electron-phonon cou-pling͒ in organic crystals.
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